Abstract Psychological factors have been shown to influence the process of wound healing. This study examined the effect of Mindfulness-Based Stress Reduction (MBSR) on the speed of wound healing. The local production of pro-inflammatory cytokines and growth factors was studied as potential underlying mechanism. Forty-nine adults were randomly allocated to a waiting-list control group (n = 26) or an 8-week MBSR group (n = 23). Preand post-intervention/waiting period assessment for both groups consisted of questionnaires. Standardized skin wounds were induced on the forearm using a suction blister method. Primary outcomes were skin permeability and reduction in wound size monitored once a day at day 3, 4, 5, 6, 7, and 10 after injury. Secondary outcomes were cytokines and growth factors and were measured in wound exudates obtained at 3, 6, and 22 h after wounding. Although there was no overall condition effect on skin permeability or wound size, post hoc analyses indicated that larger increases in mindfulness were related to greater reductions in skin permeability 3 and 4 days after wound induction. In addition, MBSR was associated with lower levels of interleukin (IL)-8 and placental growth factor in the wound fluid 22 h after wound induction. These outcomes suggest that increasing mindfulness by MBSR might 
Introduction
Over the past decades studies have repeatedly shown that psychological factors can influence the process of wound healing (e.g. Broadbent and Koschwanez 2012; House 2015) . Most of these studies focused on the effects of psychosocial distress on wound healing and consistently reported impaired wound healing across different wound models and different stressors (Bosch et al. 2007; ColeKing and Harding 2001; Ebrecht et al. 2004; Garg et al. 2001; Kiecolt-Glaser et al. 2005; Maple et al. 2015) . A meta-analysis revealed a robust association between stress and impaired healing (Walburn et al. 2009 ). The effects of stress on wound healing can be mediated by multiple immune and neuroendocrine pathways and may affect various stages of the healing process (Christian et al. 2006; Gouin and Kiecolt-Glaser 2011) .
Pro-inflammatory cytokines such as interleukin (IL)-1a, IL-1b, IL-6, IL-8 and tumor necrosis factor (TNF)-a are crucial during the early phases of the healing process, and thus for successful resolution of wounds. Their function is to remove damaged tissue, limit infection and to stimulate tissue repair (Lowry 1993) . Consequently, upregulation of pro-inflammatory cytokines at the wound site is seen during the inflammatory phase of healing (Werner and Grose 2003) . A potential mechanism responsible for the effect of stress on the healing process may consist of the suppression of pro-inflammatory cytokine activity at the wound site. Using an experimental wound induction procedure, Glaser et al. (1999) and Kiecolt-Glaser et al. (2005) have found lower levels in wound fluid of respectively the pro-inflammatory cytokines IL-1a and IL-8 at 5 and 24 h and IL-6, IL-1b, and TNF-a at 22 h after wound induction in participants reporting high stress levels or after stress induction. Broadbent et al. (2003) studied surgical wounds and found that pre-operative stress was related to lower levels of IL-1b in the wound fluid. However, there may not be a simple linear association between the expression of pro-inflammatory cytokines and the healing process. Adequate wound healing depends on the delicate balance between pro-and anti-inflammatory effects. Excessive inflammation delays wound healing; indeed higher concentrations of pro-inflammatory cytokines have been found in chronic wounds (Beidler et al. 2009 ).
In addition to cytokines, growth factors such as vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) are important for wound repair (Failla et al. 2000; Johnson and Wilgus 2014) . The role of VEGF in particular is well documented and considered important in stimulating the formation of new blood vessels (i.e. angiogenesis), which is imperative for tissue restoration (Johnson and Wilgus 2014) . Animal and human studies have shown that low levels of VEGF are related to impaired healing (Johnson and Wilgus 2014) . Stress could delay wound healing through decreasing growth factors at the wound site. Glucocorticoid up-regulation has been shown to negatively affect angiogenesis by down-regulating VEGF expression in vitro (Nauck et al. 1998) . Moreover, preliminary evidence exists demonstrating a stressinduced delay in wound healing accompanied by decreased VEGF expression in an animal model of wound healing (Pyter et al. 2014) .
If stress can negatively affect wound healing, then reducing stress may have positive effects on the speed and quality of wound healing. Psychological interventions such as relaxation and disclosure writing have indeed been found to improve healing of surgical wounds , wounds induced by skin biopsy (Robinson et al. 2016; Weinman et al. 2008) , and to speed recovery of skin permeability after mild injury induced by tape-stripping (Robinson et al. 2015) .
Mindfulness-Based Stress Reduction (MBSR) is another intervention that might positively affect wound healing. MBSR is a type of meditation practice that is directed at promoting a controlled, nonjudgmental, and non-evaluative awareness of moment-to-moment experiences (Kabat-Zinn 1990) . A recent meta-analysis showed that MBSR can effectively reduce stress, anxiety and depression and enhance quality of life in healthy individuals (Khoury et al. 2015) . Rosenkranz et al. (2013) examined the effects of MBSR on the level of IL-8 and TNF-a in skin blisters in response to a laboratory stressor and capsaicin exposure. No main effect of the intervention was found but more intensive MBSR practice was associated with a decrease in TNF-a level from pre-to post-training in response to psychosocial stress and an inflammatory stimulus.
The current study examined the effect of an 8-week MBSR intervention on the healing of blister skin wounds in healthy adults. Participants were not specifically selected for elevated stress levels to ensure comparability with previous studies investigating the effects of psychological interventions on wound healing in healthy participants (e.g. Koschwanez et al. 2013; Robinson et al. 2015 Robinson et al. , 2016 Weinman et al. 2008 ). In addition, MBSR has been found to reduce stress in healthy populations not selected for elevated stress levels (Khoury et al. 2015) . Trans-epidermal water loss (TEWL)-an index for skin permeabilityand wound size were the primary outcomes and assessed until 10 days after injury. Secondary outcomes were pro-inflammatory cytokines IL-1b, IL-6, IL-8 and TNF-a, the growth factors VEGF, PlGF and the soluble Fms-like tyrosine kinase-1 (sFlt-1) and were measured at 3, 6 and 22 h post injury. We hypothesized that individuals receiving the MBSR training would display a faster decrease in TEWL and wound size over the course of 10 days. In subsequent exploratory analyses, we examined the effects of MBSR on pro-inflammatory cytokine and growth factor levels in wound fluid.
Materials and methods

Participants
Participants were 49 healthy adults aged 19-28 years (mean age 22.1 ± 2.1 years; 8 men) recruited through pamphlets and posters at Maastricht University and Maastricht University Medical Centre. They were rewarded with a MBSR training and an additional financial compensation of 100 euro. Individuals were screened over the telephone followed by a dermatologist's visit. They were excluded if they documented health problems (e.g. diabetes mellitus, cancer, auto-immune diseases, hypo/hyperthyroidism, etc.) and/or medication use (e.g. psychotropic drugs, blood pressure regulators, immunosuppressive drugs, steroids, etc.). Also excluded were individuals who: smoked; consumed more than 10 caffeinated foods or drinks per day; consumed more than 20 (men) or 10 (women) alcoholic drinks per week; had a body mass index B 18 or C 30; experienced intensely stressful events in the last 3 months; received psychological treatment within the last 6 months; or reported experience with meditation practice. Additional exclusion criteria included having a blood and/or needle phobia, previous allergic responses to adhesives, bandages, tapes, or silicones, or dermal dysfunctions such as vitiligo, psoriasis, atopic dermatitis, and multiple moles. Written informed consent was obtained from all individual participants included in this study. The study was approved by the Medical Ethical Committee of Maastricht University Medical Centre.
Measures
Questionnaires
The Kentucky Inventory of Mindfulness Skills (KIMS) was used as manipulation check for the mindfulness intervention (Baer et al. 2004 ). This instrument measures four mindfulness skills: observing, describing, acting with awareness, and accepting without judgment. Internal consistency of the KIMS in the current sample was a = .82 at pre-and a = .88 at post-intervention. Additional questionnaires were administered to measure the effects of the mindfulness intervention on dispositional mindfulness (Mindfulness Attention Awareness Scale (MAAS; Brown and Ryan 2003) ), dispositional optimism (the revised Life Orientation Test (LOT-R; Scheier et al. 1994) ), and rumination and reflection (the Rumination-Reflection Questionnaire (RRQ; Trapnell and Campbell 1999) ). Cronbach's alpha for the MAAS in this sample was .85 and .80 at pre-and post-intervention, respectively. Similarly, the internal consistency of the LOT-R was good at both pre-(a = .82) and post-intervention (a = .89). Lastly, in the current sample, Cronbach's alpha was .89 at both preand post-intervention for the rumination subscale and .90 at pre-and .93 at post-intervention for the reflection subscale. Pre-and post-intervention questionnaire data were not available for 3 and 5 participants, respectively.
Intervention
Participants were randomly assigned to either a waiting-list control group (WLC; n = 26; 5 men) or a MBSR group (n = 23; 3 men). The MBSR intervention followed a standardized 8-week MBSR protocol (Kabat-Zinn 1982) with some elements from Mindfulness-Based Cognitive Therapy (Segal et al. 2002) taught by an experienced trainer. Two successive groups of 15 people each were conducted. Three individuals in the MBSR group received advice from the dermatologist not to participate in the wound healing part of the study and were therefore excluded. Another four individuals were excluded because they did not complete the MBSR training due to a lack of time. The duration of each session was 2.5 h and comprised sharing and reflecting on past week's experiences, meditation exercises, and presentations providing theoretical insight. Participants were encouraged to practice meditation exercises at home on a daily basis (30-60 min) and implement various smaller mindfulness exercises in their daily routine. Participants in the WLC condition were invited to complete the MBSR training at the end of the study.
Suction blister model
In order to induce wounds, a standardized procedure for suction blisters was adopted as previously described (Glaser et al. 1999; Kiecolt-Glaser et al. 2005; Zimmerli and Gallin 1987) . In short, a trained assistant created eight 8-mm diameter blister wounds. Prior to wound induction a mild depilatory cream was applied to the skin in order to remove hair at the wound site. An acrylic template with eight holes was attached to the disinfected volar surface of the non-dominant forearm at 2 cm from the elbow joint, after which a mild constant 350 mmHg suction with a vacuum pump (Neuro probe, Cabin John, MD, ISA) was applied via the holes until blisters developed (1-1.5 h). During the whole procedure a 250 W infrared lamp was placed at 30 cm from the suction site in order to increase the rate of blister formation, simultaneously ensuring that the temperature above the skin did not exceed 37°C. Next, the epidermis of each blister was removed using a sterile surgical knife, and a plastic sterile 8-well template was attached over the blister wounds. Each well was filled with 1.0 mL of sterile saline solution (0.9% Sodium Chloride, NaCl) and sealed off sterile. At 3, 6, and 22 h after wound induction, wound fluid was taken from the wells with a sterile syringe. Wound fluid samples were centrifuged at 5000G for 5 min at 4°C in order to obtain undiluted supernatant which was then aliquoted over three samples of 200 lL each and stored at -80°C. Exudate was taken from three wells at 3 and 6 h post wound induction and from the remaining two wells at 22 h post wound induction. The well plate was left in place until the last sample of wound fluid was taken (around 8 AM on the next day), after which the wound site was covered with a large sterile water-resistant bandage. The assistant inducing the wounds was blind to group status. Participants were requested to refrain from strenuous physical exercise, sugar, caffeine, and alcohol consumption, or the use of recreational drugs for 22 h after wound induction (DeRijk et al. 1997 ).
Wound healing
Participants briefly revisited the research unit on day 3, 4, 5, 6, 7, and 10 between 10 AM and 12 AM to monitor the progress of wound healing relating to TEWL and wound surface area measurements.
Trans-epidermal water loss TEWL was used as an index for wound permeability. TEWL measures the evaporation rate in the air layer adjacent to the skin, which increases when the skin is damaged and decreases as the barrier function of the skin recovers (e.g. Altemus et al. 2001 ). An evaporimeter (VapoMeter, Delfin Technologies, Stamford, CT, USA), was used to determine TEWL above the wound site. Room temperature was maintained at 20-22°C. Upon arrival participants relaxed for 10 min to control for any preceding physical exertion. The mean TEWL of two measurements of the two most proximal blisters to the elbow was obtained daily from 3 to 7 days and at 10 days post wound induction in addition to control values measured at two sites on the contralateral arm. The average control values per day were then subtracted from TEWL values above the wound site to control for normal variations in TEWL. Due to unavailability of participants or technical difficulties, 21 participants had available data for each day, 18 for five days, nine for four days, and one for one day.
Wound surface area Wound surface area was determined by taking digital images of the wound site. The participant's arm was positioned at 28 cm from the camera's lens and built-in camera lights controlled the lighting. For calibration purposes an 8-mm diameter circle sticker was placed next to the wound site. ImageJ software (version 1.44, NIH, Bestheda, MD, USA) was used to map the surface areas of each blister. After calibration of the photograph, the wound area of each blister was assessed in mm 2 within a hand-drawn delineated area, including the scab but excluding erythema and scar tissue. Two trained raters blind to the experimental conditions analyzed each photograph. Inter-rater difference was computed for each wound surface area as percent deviation of rater A from rater B. Surface area measurements corresponding to inter-rater differences of [ 20% and an absolute difference of at least 2 mm 2 were assessed again by a third rater (rater C, 1.66% of measurements). Mean wound surface area was calculated by averaging the values of rater A and B, or in case of a third rater, across the value of rater C and the value of rater A or B that was closest to rater C. A two-way random effect model with absolute agreement 
Cytokines and growth factors
Wound exudate was analysed for IL-1b, IL-6, IL-8 and TNFa, VEGF, sFlt-1, and PlGF by a multi-array detection system based on electrochemiluminescence technology (MesoScale Discovery SECTOR Imager 2400, Gaithersburg, MD, USA).
The intra-and inter-assay coefficients of variation (CVs) were 6.9 and 8.7% for IL-6, 3.5 and 4.1% for IL-8, 5.9 and 8.6% for TNF-a, 4.7 and 7.0% for PlGF, 6.2 and 3.3% for sFlt-1, and 5.3 and 2.8% for VEGF, respectively. Because IL-1b was measured using one kit, only an intra-assay CV of 10.7% could be computed. Cytokines were measured in the 3, 6, and 22 h samples, whereas growth factors were only measured in the 22 h samples. This was because it has been shown that these growth factors only start to increase in concentration approximately 1 day post injury (Johnson and Wilgus 2014) . One participant had missing cytokine and growth factor data at 3 and 6 h, and nine participants at 22 h due to unavailability of the participant or leakage of the well template, leaving 39 participants with data for all three time points.
Procedure
The KIMS, MAAS, LOT-R, and RRQ were administered four days before the start of the intervention through an online questionnaire program. During the next eight weeks participants followed a MBSR program or started a waiting period. Thereafter, participants completed the same set of questionnaires to assess the effect of the intervention on these variables. Participants were then individually invited to the research unit for the wound induction procedure within 1 month after completion of the MBSR intervention. Participants were asked to continue practicing mindfulness in the intervening period. The day of the wound induction began at 8 AM with the suction blister procedure. During suction which took approximately 75 min, participants were provided with breakfast and filled in some questionnaires (not further reported). Participants remained in the lab until 6 h had transpired. During this time they performed a few computer tasks and spent the rest of the time doing personal activities (e.g. reading, work). At 3 and 6 h post wound induction wound fluid was collected. The next day, participants returned to the lab at 8 AM to provide the final samples of wound exudate and to have the well template removed. Participants briefly revisited the research unit on day 3-7 and day 10 post wound induction between 10 AM and 12 AM to measure TEWL and to have a photograph taken of the blisters. During the intervening periods, the wound site remained covered with sterile adhesive bandage.
Statistical analysis
All statistical analyses were performed using SPSS 22.0. Descriptive statistics were computed and independent samples t tests and a Chi square test were used to check whether randomization was successful. Two-way analyses of variance (ANOVAs) with condition (WLC vs. MBSR) and sex (men vs. women) as independent variables were performed to check baseline differences in questionnaire scores. Random intercept mixed regression analyses were performed for all outcome measures. Sex was included as factor, as it is known that men and women exhibit distinct physiological properties of the skin (Gilliver et al. 2007 ). We started testing saturated models including all predictors and their interactions and continued with stepwise exclusion of non-significant interaction terms. Primary outcome measures were TEWL and wound surface area and secondary outcomes were cytokines (IL-1b, IL-6, IL-8 and TNF-a) and growth factors (VEGF, PlGF, and sFlt-1). Statistical significance was assumed to exist at a B .05 for primary outcomes and at an adjusted a B .01 for secondary outcomes in order to correct for multiple testing. Mixed regression analyses with time (pre-vs. post-intervention) as level 1 (within-subjects) factor and condition (WLC vs. MBSR) and sex (men vs. women) as level 2 (between-subjects) factors were conducted in order to test the effect of MBSR on change in KIMS, MAAS, LOT-R, RRQ-reflection, and RRQ-rumination from pre-to postintervention. To examine the effect of MBSR on TEWL, wound surface area, cytokine and growth factor levels, mixed regression analyses with blister (blister 1-8) as level 1 (within-subjects) predictor, time (day 3-7 and 10 post wound induction) as level 2 (within-subjects) predictor, and condition (WLC vs. MBSR) and sex (men vs. women) as level 3 (between-subjects) predictors were performed for TEWL and wound surface area. In these models, blisters were nested within time and time was nested within individuals.
In the models analyzing cytokine data, time (3, 6, and 22 h post wound induction) was defined as level 1 (withinsubjects) factor and condition (WLC vs. MBSR) and sex (men vs. women) as level 2 (between-subjects) factors. Only one level was specified for the models analyzing growth factors, namely condition (WLC vs. MBSR) and sex (men vs. women) as level 1 (between-subjects) variables.
Results
Baseline statistics
Two-way ANOVAs with condition and sex as independent variables revealed no significant differences between the conditions and sexes at baseline in mindfulness, optimism, rumination and reflection (Table 1) . Participants in the two conditions neither differed significantly in age (t(47) = -.50, p = .62), nor sex (v 2 (1) = .34, p = .56).
Self-report assessment
Multilevel random intercept modeling was conducted to test the effect of MBSR on change in KIMS, MAAS, LOT-R, RRQ-reflection, and RRQ-rumination from pre-to postintervention. A significant time 9 condition 9 sex interaction for KIMS was found (F(1, 39.5) = 8.53, p = .006).
Testing multilevel models with a time 9 condition interaction term for both sexes separately revealed a significant time 9 condition interaction for KIMS in women (F(1, 34.4) = 8.54, p = .006) and men (F(1, 5.30) = 14.5, p = .011). Participants in the MBSR condition improved more in terms of KIMS than WLC subjects. This improvement was larger for men than for women. The time 9 condition 9 sex interaction also reached significance for rumination (F(1, 39.5) = 4.79, p = .035). Separate multilevel models tested the time 9 condition interaction for both sexes and showed a significant time 9 condition interaction for rumination in men (F(1, 4.95) = 7.87, p = .038), but not in women (F(1, 35.0) = 1.99, p = .17); rumination decreased more in male participants in the MBSR condition than in the WLC condition. For the MAAS, LOT-R and RRQ-reflection no time 9 condition 9 sex or time 9 condition interactions were detected.
Wound healing
Trans-epidermal water loss
None of the interactions with blister were significant in the multilevel models for TEWL and therefore excluded. Because a significant time 9 condition 9 sex interaction was observed (F(5, 439) = 4.86, p \ .001) separate analyses for women and men were performed. For women no significant time 9 condition interaction was found (F(5, 382) = .20, p = .96), but it did reach significance for men (F(5, 59.4) = 8.94, p \ .001; Table 2 ). Exploring the simple effects of condition per time point in men demonstrated a significant effect of condition at day 3 (b = 104, p \ .001) and day 4 post wound induction (b = 83.3, p \ .001). TEWL was lower in the MBSR than the WLC condition at 3 and 4 days after wounding. Figure 1a displays the estimated marginal means for TEWL across sex.
Wound surface area
After excluding all non-significant four-and three-way interactions, multilevel modeling revealed a significant blister 9 condition 9 sex interaction (F(7, 1784) = 5.49, p \ .001) and time 9 condition 9 sex interaction (F(5, 1793) = 3.72, p = .002) for wound surface area. The significant blister 9 condition 9 sex interaction was not of interest for the present study, but was retained in the model during subsequent testing. Multilevel models for women and men separately revealed significant time 9 condition interaction effects in both women (F(5, 1550) = 4.90, p \ .001) and men (F(5, 275) = 3.82, p = .002). The wound surface area scores as estimated by the final multilevel models are presented in Fig. 1b . For women, the simple effect of condition was not significant on any time point (see Table 2 ). In men, the simple effect of condition on day 3 was significant (b = 6.02, p = .010, see Table 2 ). The simple effects of condition on subsequent days were not significant.
1
Biological markers Table S1 displays the absolute cytokine and growth factor concentrations as determined by the multi-array platform across condition and sex (Supplemental Material).
Pro-inflammatory cytokines
The time 9 condition 9 sex interaction did not reach significance for any of the cytokines. Consequently, these interaction terms were excluded from the multilevel models. For IL-8, the time 9 condition interaction (F(2, 286) = 5.96, p = .003) and time 9 sex interaction (F(2, 292) = 21.8, p \ .001) were significant. Simple effect analyses per time point revealed significant effects at 22 h post wound induction for condition (b = 1014, p \ .001) and sex (b = 3059, p \ .001). Levels of IL-8 were higher in the WLC group relative to the MBSR group and higher in men compared to women (see Fig. 2 ). For IL-1b, IL-6 and TNF-a, only the time 9 sex interactions reached significance (IL-1b: F(2, 290) = 31.4, p \ .001; IL-6: F(2, 291) = 7.19, p = .001; TNF-a: F(2, 299) = 27.0, p \ .001). At 22 h after wounding, men displayed higher levels of IL-1b (b = 3751, p \ .001), IL-6 (b = 3369, p \ .001) and TNF-a (b = 3684, p \ .001) than women.
Growth factors
For PlGF a significant main effect of condition (F(1, 36) = 7.38, p = .010) was found. At 22 h post wound induction the WLC group exhibited higher levels of PlGF relative to the mindfulness group (b = 7.74, p = .010) (see Fig. 2 ). A significant condition 9 sex interaction was observed for VEGF (F(1, 37.6) = 15.5, p \ .001) and sFlt-1 (F(1, 36.7) = 15.6, p \ .001). Simple effect analyses showed that the effect of condition was only significant for men 22 h after injury (VEGF: b = 2617, p \ .001; sFlt-1: b = 4002, p \ .001) with participants in the mindfulness condition displaying lower levels of both VEGF and sFlt-1 than participants in the WLC condition.
Post hoc analyses
Because not everyone profited from the MBSR intervention to the same degree, we examined post hoc whether the increase in mindfulness levels after the intervention was related to TEWL, wound surface area, cytokine and growth factor levels. Similar multilevel models were built with the increase in mindfulness (diffKIMS) as predictor instead of condition. For TEWL, a significant time 9 diffKIMS interaction was found (F(5, 399) = 10.45, p \ .001). The effect of diffKIMS on day 3 (b = -1.86, p \ .001) and day 4 after wound induction (b = -2.11, p \ .001) was significant, showing that larger increases in mindfulness were related to greater decreases in TEWL, irrespective of sex (see Fig. 3 ). When the analysis was repeated for women only, this also revealed a significant time 9 -diffKIMS interaction (F(5, 332) = 6.36, p \ .001). The effect of diffKIMS was significant at day 3 (b = -1.46, p = 0.004) and at day 4 after injury (b = -2.45, p \ .001). For wound surface area, a significant time 9 -diffKIMS 9 sex interaction was found (F(5, 1589) = 4.80, p \ .001). However, simple effect analyses per time point did not reveal any significant diffKIMS effects for men or women.
The post hoc analyses also indicated significant time 9 diffKIMS interactions for IL-1b (F(2, 252) = 5.34, p = .005) and IL-8 (F(2, 254) = 7.31, p = .001). Larger increases in mindfulness were associated with lower levels of IL-1b (b = -46.0, p \ .001) and IL-8 (b = -51.7, p \ .001) at 22 h after wounding. The diffKIMS 9 sex interaction was significant for VEGF (F(1, 38.1) = 9.19, p = .004) and sFlt-1 (F(1, 33.6) = 7.86, p = .008), with higher levels of diffKIMS related to lower levels of VEGF (b = -75.6, p = .001) and sFlt-1 (b = -118.6, p = .001) in men at 22 h after wounding.
Discussion
This study examined the effect of an 8-week MBSR intervention on wound healing. Because our analyses indicated an interaction of condition with sex, separate analyses for men and women were performed. Although for men significant effects on TEWL and wound size seemed to be present, we cannot reliably interpret these findings as only three men had received the MBSR inter- vention. For women, no differences in wound healing were found between participants in the MBSR and WLC condition; there were no effects on TEWL, and although a significant time 9 condition effect was found for wound surface area, none of the single time points significantly differed between the conditions. Thus, the hypothesis that receiving a MBSR training would lead to faster wound healing was not supported. Since not everybody benefited to the same extent of the MBSR intervention, we examined, post hoc, whether the actual improvement in mindfulness was predictive for the speed of wound healing. This analysis showed that larger increases in mindfulness scores were related to greater decreases in TEWL, but not wound size, at day 3 and 4. Because men showed the largest increases in mindfulness after MBSR this may possibly have contributed to the fact that the condition effect on TEWL and wound size was found to be significant in men. Nevertheless, the association between the actual change in mindfulness and speed of wound healing was also apparent when analyses were repeated for women only. The finding that the participants who improved most in mindfulness skills benefitted most in terms of wound healing is consistent with a study demonstrating that the amount of practice completed by the participants in the MBSR condition determined its effect on a healing-related process. Specifically, Rosenkranz et al. (2013) found that total time practicing MBSR was negatively related to TNF-a level in skin blisters in response to psychological stress and capsaicin exposure. We did not measure practicing time but it could be hypothesized that those who practice most also gain the most benefit from the intervention.
This study adds to current knowledge by investigating the role of local pro-inflammatory cytokine and growth factor release as potential underlying mechanisms of improved wound healing. We found that compared to WLC participants, both men and women in the MBSR condition had lower levels of IL-8, and PlGF at the wound site 22 h after wounding. Post hoc analyses also showed that greater increases in mindfulness were related to larger decreases in IL-1b and IL-8 22 h after wounding. The finding that proinflammatory cytokine levels in wound fluid are lower in participants in the MBSR condition is consistent with the results of one earlier study on the effect of MBSR on local cytokine expression (Rosenkranz et al. 2013) . However, the result is contrary to studies that found that cytokine levels were suppressed by stress (Broadbent et al. 2003; Glaser et al. 1999; Kiecolt-Glaser et al. 2005) . It is probably an oversimplification to assume that an increased inflammatory response in the early phase of healing is always beneficial. For example, elevated inflammatory responses can actually impede healing, as illustrated by the finding of heightened cytokine levels in chronic wounds (Beidler et al. 2009 ). An adequate balance between proand anti-inflammatory forces is quintessential for optimal wound healing (e.g. Eming et al. 2007) . Whether increases or decreases in cytokines are beneficial, may among other issues, depend on the base level within a certain individual. It should be borne in mind that we studied a healthy sample, not specifically selected for elevated stress level and/or compromised wound healing. In these participants decreased local cytokine production might be adaptive, especially in case of small blister wounds, as a greater inflammatory response may impede the subsequent proliferation and remodeling phase and thereby the overall healing process (Mustoe et al. 2006) . Further, since only limited tissue destruction is present in suction wounds and microbial contamination is minimal, there may be little need for a pro-inflammatory response. Future research would therefore benefit from examining subjects selected for elevated stress levels to investigate whether MBSR could diminish stress-induced delays in wound healing.
Growth factors, such as VEGF and PlGF, play an essential role in wound healing by performing multiple functions such as stimulating angiogenesis and the proliferation of fibroblasts and endothelial cells. Growth factors are expressed at low levels in the skin, but start to increase at about one day after injury (Johnson and Wilgus 2014) . VEGF and PlGF levels were clearly detectable 22 h after blistering. Contrary to expectations, MBSR was associated with lower levels of PlGF in wound fluid after 22 h. This finding is puzzling given previous research showing the importance of an up-regulation of PlGF for wound angiogenesis and thereby tissue repair. For instance, a deficiency in angiogenesis has been demonstrated to cause compromised wound healing in PlGF knock-out mice (Carmeliet et al. 2001) . The functional significance of growth factors depends on the availability of receptors which they can bind to. The VEGF receptor family consists of three types of which one is important for wound healing and also binds PlGF: Fms-like tyrosine kinase-1 (Flt-1). There exist two forms of this receptor, namely one functional full length receptor (Flt-1) and a soluble decoy receptor (sFlt-1) that suppresses both VEGF and PlGF activity upon binding. The balance between the availability of the full length and the soluble receptor determines the net effect of VEGF and PlGF on wound healing (Shibuya 2015 ). Although we measured the level of sFlt-1, we did not assess availability Table 2 Parameter estimates for the final multilevel models for trans-epidermal water loss and wound surface area across women and men
TEWL
Wound surface area Some limitations of this study should be mentioned. First, only few male participants were included and the numbers were even smaller for cytokine and growth factor data due to missing data. Further, although we did not include a measure of perceived stress, we did assess rumination at pre-and post-intervention and found that MBSR significantly reduced rumination levels in men. Men also scored highest on rumination before the intervention. When taking rumination as a proxy for stress susceptibility, MBSR seemed to have benefited participants most in need of stress reduction. Indeed, post hoc examination revealed that larger decreases in rumination from pre-to post-intervention were associated with greater decreases in TEWL at day 3 and 4 in men. In addition, in the overall sample the effect of condition on TEWL was mediated by rumination (data not shown). Possibly, when selecting participants for high stress and rumination levels, we may observe an overall MBSR effect on wound healing. Therefore, research is warranted to further elucidate whether the effect of MBSR is mediated by reduced stress levels. Another limitation was that it was not possible to monitor wound size and TEWL from the moment of wound induction onwards, due to the attached well plate that was used for collecting wound fluid. It would have been valuable to examine healing from the moment of wound induction onwards to study early stages of healing. Additionally, although interrater reliability was excellent, assessment of wound surface area using digital images is not without problems. Determining the margin of the wounds is sometimes difficult, especially during later days when scabs start to develop. Moreover, photography only assesses healing at the surface level, whereas areas deep within the wound are equally important for the healing process (Dyson et al. 2003) . However, TEWL was our primary outcome and there was good concordance between these assessments. Lastly, the experimental wounds were small and future research into the clinical effects of MBSR on wound healing would benefit from examining various degrees of surgical and chronic wounds.
To conclude, the current outcomes provide preliminary evidence that MBSR can affect the early stages of wound healing. To our knowledge, this study was the first to examine the effects of a psychological intervention on the levels of growth factors in wound fluid and should therefore be replicated and extended to other relevant factors. Future research into the exact mechanisms underlying improved wound healing by psychological factors is highly warranted. Human and animal rights and Informed consent All procedures followed were in accordance with ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients for being included in the study.
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